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Electric Arc Radius and Characteristics*

ABSTRACT

The heat transfer equation of an arc discharge has been solved. The

arc is assumed to be a cylinder with negligible axial variation and the

dominant heat transfer process is conduction radially inside the column

and radiation/convectionat the outside edge. The symnetric consideration

allows a simple one-dimensionalformulation. By taking into account

proper variation of the electrical conductivity as function of

temperature, the heat balance equation has been solved analytically. The

radius of the arc and its current-field characteristics have also been

obtained. The conventional results that EM0”5385 and Rd0”76g3 with

E being the applied field, I the current, and R the radius of the

cylindrical arc, have been proved to be simply limiting cases of our more

general characteristics. The results can be applied quite widely

including, among others, the neutral beam injection project in nuclear

fusion and MHD energy conversion.

%lork performed under the auspicies of the U.S. Department of Energy by
the Lawrence Livermore National Laboratory under contract number W-7405-
ENG-48.



I. INTRODUCTION

The electric arcing phenomenon has been known for almost

long as the history of mankind, predominantly in the formof

as

lightning. Recent interests in arcing come, however, basically from

its formation in modern industry and energy technology. For

instance, the wearing away of the electrodes in MHD generators or

any sparking plugs or the make-and-break contacts in the ignition

systems in internal con$mstion engines are typical exanples of the

damages caused by the formation of arcs. They affect not only the

lifetime of the electrodes but also the current transport, power

output, and the overall performance of the generator.

In the magnetic fusion energy development, in order to increase

plasma density, neutral beam injection
(1,15) is needed. Arcing

becomes a serious problem in not only the ion extraction and

acceleration section of the injector but also the discharge chamber

’18) The recent thermal barrier concept inof the plasma source.

mirror fusion development
(3,6) would require additional neutral

beam injectors

region. Thus,

arcing.

to punp out ions trapped in the thermal barrier

there is one more spot for potential problems of

Studies about arcing involve a broad range of

approaches(5$g’10’16) including thermionic emission, field

emission, material, electrical contacts, gas discharges, breakdowns,

(13,14,23) If ~ really want tO getand electrode components, etc.

a detailed analysis, then ionization and recombinationprocesses in

the boundary layer region must be included. A kinetic model for
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(2’11) should thus be adopted in order to have areacting gases

complete description. For most cases, however, a gross picture

thermodynamic heat balance may provide enough insight for the

of

understanding of

here.

II. ARCINITIATION

arcs. It is the later approach that we are using

The formation

plasma.[lY,L1,L+)

of an arc is a study of the instability of

By taking into account the fact that arcs may

lose and/or

interaction

establish a

at the 31st

gain electrons or ions from time to time due to plasma

and current transport processes, we were able to

new criteria of arcing. The results have been reported

Gaseous Electronics Conference in Buffalo, NY.

Schematically,the arc is assumed to come from the applied electric

field and current between two electrodes with plasma flow inside.

-3-



If the arc, or more properly, the current-carryingcolumn before

constriction starts, is assumed to be a uniform cylinder with

uniform electrical conductivity Ua, constant arc te~erature Ta’

and if the heat transfer coefficient of flow around a cylinder h is

known, the steady state problem can be solved by the following

equations:

I =WR2UaE

‘a = O(Ta)

EI = 2mRh(Ta - Tm)

Where E is electric field intensity, R is the arc radius. Tmis the

atiient gas temperature.

The first equation

conductivity ma being a

The last equation gives

is simply Ohm’s law with electrical

function of arc temperature Ta only.

heat balance between Joule heating and the

convective cooling due to the gas flow with Tmbeing the ambient gas

temperature and h the heat transfer coefficient.

Note that only the transverse component

considered here. By assuming the arc is cyl

problem becomes essentially one-dimensional.b

of the arc is being

ndrica’ly uniform the

Once the field E or the current I is specified, the radius of

an arc can be determined. Also, the arc characteristicswhich

provides the E-I relationship is sinply:

E=(*-’3[w-T’J2’3 (+)
which is obtained by eliminating R from the above equations.

-4-
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III.

#

b

By applying a simple perturbational

balance equations, we have established a

which have been proven correct, and they

conventional criteria in limiting cases.

method to these heat

new arcing criteria(12)

will reduce to the

Once an arc is formed, we like to study how arc radius R varies

with external physical conditions, and how the current is related to

the applied field in an arc. The task now is thus

the arc as a function of the external parameters.

ELECTRICAL CONDUCTIVITY

Again, by assuming

axial variation and the

inside the cylinder and

PROFILE

that the arc is a cylinder

to characterize

with negligible

dominant heat transfer process is conduction

convection/radiationby the external flow at

the outside edge, we have the following equation in the cylinder:

ld

()

rKdT +~2=o
Fw T

where the angular and longitudinalvariations have been neglected.

K is the thermal conductivity and 0E2 is the Joule heating term.

Here E is fixed externally and I is allowed to vary. Unless uas

function of either r or T is known, this equation is not conplete.

Since approximately mvaries exponentially as function of

temperature, a small perturbation in Ln u will produce some linear

variation in T.- The temperature profile can thus be assumed as:

where “a” signifies the center of the arc, and both Ta and Ua

are assumed to be known.

-5-



Hence T = Ta + (*)fl(~)

=Ta+T
,(fi(’)~(~)

dtn Ta
By assuming —= Cl&noa is a known constant, and defining

T ‘<-l’

()uwe get ‘c= n~n -
‘a

or
T/l’l.u’= use.

If K is assumed to be a constant, say Ka, the thermal conductivity

at the center of the arc where T = Ta, then the energy equation

becomes:

‘aTad r~

--()
+ uaE2 e

T/n . ~
7 dr dr

.

Defining .

()8KaTan 1/2

‘a= ~ E2 9

a

this equation can be solved analytically as:

()2 -2
T/11
e = Cl/aa= l+? ●

ra

At r =0, T= Ta, T= O,~=OaO
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At r = ra, let T = Tb,
‘a

the boundary temperature; a = ~

eT/ll= ~.
4’

.“.Tb =(1 -

Ifn= 0.1, Tb =

The temperature

determined, and

T—=- J?,f+l
n.

~n4n ) Ta.

0.86 Tao

and electrical conductivity profiles are then

ra plays the role of the arc radius. Total

J’ ()8TKaTan. -1
current Im = %Ehrdr = ~aE~ra2 = E ; ●“”l=%E “

o

If we generalize this idea to assume

u= 1

‘n

2n
‘a 1+ ~

2
‘a

then

10 2

()

1
= ‘ra ‘aE~ “

Define

‘a
(ra) eff. = ~ , then

at r = (ra)effe

()17 ‘b-Ta
a= T/n . 1e

(T

=en
‘a 1+ ~

n a“

Call AT = Ta-Tb,

AT

()

1
~=~nRn 1+=”

For n =0.1, # has the following values for various n’s.
a
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n
~

2 0.14

3 0.12

4 0.11

10 0.1

100 0.1

m O.l

This gives the temperature profile which is quite insensitive

a changes.

IV. T AS A FUNCTION OF o

This model is basically quite good, except that to treat

to the

Tasa

function of m might sound like introducing an extra condition. If

we write,

()
T=Ta+~ (u - aa)

a

()

d~nT Ta
then T= Ta+~a~ (u - Ua)

dmTa
Again, set n’=

a

u
also let, S = ~

a

then T=Ta+ ~S-1) Ta,

T ()‘$-l =n(s-1),

The energy equation

-8-



K~n.
Set rF*

=x;andr~=~
uaE

()
We get S+: & X~ =0

or Xs’’+s’+xs=,

which is the Bessel equation. The solution of it are Bessel Functions of

zeroth order:

S = CIJo(x) + C2YO(X)

Since when r = O, u = ~a, S = 1,

c1 =1, C2 =0.

()Thus S = Jo(x) = Jo ;
*

The conditions S’ (x=O)=O is automatically satisfied at .=0. When x

is small:

,X2 , (+X2):(@
Jo(x) * 1 -4

(1!)2 (2!)2 (3!)2

If we pick just the first three terms,

JO(X)= (,4X2)2= (1+5)2= f ‘;aZ)

8K T n.
where again ra2 = 8.*2 = ~, which is the same ra defined previously.

~aE
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r2()And the solution S =% ‘ l-—
2

r2
matches the previous solution

a

exactly when r is small.
::(* a

In all the above analyses, the thermal conductivity K is

assumed to be equal to the known constant at the center of the arc

Ka. Actually, if we define a therm~l conductivity integral

when K =K(T) is known, then

$- = K(T)

Thus the energy equation

()ld dT+oE2=0
TT

rKT

becomes

Thus, if instead of using T, we set

and define

then exactly the same solution will be obtained

o T/T-l= 1—= e
‘a

r)
l+r /ra2 2

8Qan
The temperature T is, however, being replaced by @a and ra2 ‘—

0aE2
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v. ARC RADIUS AND CHARACTERISTICS

Although the parameter ra plays a role as the arc radius, the

true arc boundary radius RI should be determined as follows:

Y01 (ISE2)hrdr =%Rlh (TI-TW)

Physically, this means that the total heat conducted inside the

cylinder has to be balanced by the cooling done by convection due to the

external flow at the boundary. Where:

h = surface convective heat transfer coefficient of the arc

‘1 = arc surface temperature at RI

‘1 = arc radius

Tm = ambient flow temperature.

Or, if cooling is mainly due to radiation, the right hand side

should be replaced by Stefan-Boltzmann radiation law. Since the arcing

data are readily available for a flow of convective plasma as in anMHD

generator, we will concentrate on this case at present. A detailed study

of radiation for an actual physical set-up requires more information

about emissivity, absorptivity, geometrical viewing angles, etc.

The discrete contribution due to line-line radiation may prove to be

quite significant as well. If we si~ly assume an isotropic radiation of

the form (T~-TQ4) multiplying Stefan-Boltzmannconstant and the

collecting surface area and some other emissivity and viewing factors, we

will find the result is almost the same as treating it as a (Tl - T~

convective case with slight modification in the value of h.

For a cylindrical

RI(0.26)K

h = (2RI)1.4

-11-



where Pm =flow density = (Kg/m3)

v = viscosity = (Kg/msec)

u = flow speed = (m/see)m

K = thermal conductivity = (Watt/m ‘K)

Using

a = ed?l = 1
0 a

r)
l+r2/ra2 2 ‘

r2
8KaTall

=
a uaE2

Jo‘1‘aE22”’(1+r2;’v‘r=*R1h(T1-Tm)

()’12
First, let us assume Kl<ra, then —

r2
is a small quantity x. Thus

a

1—= l-x; and in
1

1+X (1+)()*

()

2
2 ~aE2 ‘1Tra T = &’lh

‘a

~ -2x. The equation reduces to

Since n is usually very small,
()

’12
we can further neglect the product n~ ● 5

‘1

Then it becomes simply 4

TuaE2R12 = 21rhRl(Ta - Tm )
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Physically, this means that the current density is uniformly OaE

2over an area~R1, and the arc temperature is just Ta. By

substituting the formula for h into the equation, we get

“‘2=&h(+#y”’(Ta-T.)a

Therefore, other than some flow constants, this simple picture of arc

1.4 ~ ~-z
provides us a relationship between R1 and E: R1 ●

The arc

11 =

for

R12
~
a

current for this case is

J‘1 ~E2rrdr = ~aaEra2
o

.4<1,

1i- ‘2 ‘

l+R1 ‘ra.

11% E)((E -2/1.4)2 ~ E-1.857

Hence the arc characteristics are simply

E WI 0.5385
1

-0.7693RI%II

These are the conventional results in the literature.17 The arc

radius can be calculated either by

2(Ta-Tm)

()

0.6
(2Rl)l”4 = ~ 0.26K ~

a
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or,
2

()

PmUm 0.6
1.4 ‘ “+ ‘a— (Ta- T. )0.26 ~

‘1 8nTa

However, these results hold only if R~<< ra. This is true only

()

%2
if Ta is not much higher than Tm. The requirement ~fil

a

corresponds to approximately (1 - T~Ta) ReO”!,-1, where Re is

()

PmumRl

the Reynold’s number ~ . Roughly if Tm = 2000 K, the regular

MHDflow conditions (pm =0.12, Um= 1000, v = 6.35 x 10-5) shows

Ta has to be 2150°K in order that the conventional formula be

applicable.

In general, the heat balance equation is:*

which is,

1-+ =0.25x~x

‘11+ ~
ra ‘%Y”6P’[-;)

()Ta 0.6

By using the existing o(T) program, and using Ka= 0.16 x ~. ~

results shown in Figs. 1, 2 and 3 have been obtained for various arc

temperatures Ta.

-14-
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When Ta increases, the arc radius RI always

one extremely low arc temperature case where the

characteristicsmay hold. The ratio of R1/ra is

decreases except for

traditional arc

almost always a

constant, thus ra can also be considered effectively the arc radius.

And when Ta increases, R1/ra first starts to increase but after

reaching certain temperature (2900°K), the ratio decreases with

increasing te~erature. Only for the extremely low Ta = 2100°K case,

R1/ra<l, for most of the other Ta values, R1/ra varies between

1 and2. However, when Ta is sufficiently high say, at about 4100°K,

R1/ra drops back to be less than 1 again. Also, although RI still

decreases with increasing Ta, when the arc temperature is that high,

the decreasing rate of R1 is so S1OW that the variation is almost

undetectable. It thus makes sense to assume that the arc temperature is

roughly, say 4300°K, not higher.

The current has two formulas:

Im=
J

‘uE2nrdr =
o

and

JauE2nrdr =
11=0

If two arc spots are

81TKaTarI

E

%KaTan

(

1
E1 1+R12 /ra2 )

not too close to each other Im should be the

true arc current, otherwise Il.

For the same E field, both Im and 11 increases as Ta

increases. But for higher Ta, the increase rates become slower.

The variation of 11 further depends on the ratio R1/ra. When

-15-



it gets steady, II behaves the same way as Im. The logarithmic

scale of the arc radius varies linearlywith the log scale of the

current, and the ratio R1/ra is also roughly a constant as a

function of log current. The characteristics are thus,

E%Im-l 1.05and RI% 1~ .

VI. CONCLUSION

The electric arcing phenomenon has been studied from the energy

balance point of view. By assuming a simple heat conduction process

inside and convection/radiationoutside an arc, we have determined

the arc radius and its characteristics.

Although charge density is not an explicit parameter in the,

present formulation, it is believed that the analysis can be app~ied

quite broadly, particularly to collisional dominant plasmas. Fo~

the case of rarefied plasma with extremely long mean free path, the

fluid description

criteria from the

previous paper.12

loses much of its meaning. Detailed arcing
I

conductivity point of view can be found from a

The newly

reduce back to

R%l-0.7693 in

obtained arcing characteristics,while they will

the conventional properties such as E%I0.5385 and

the limiting cases, are valid over a much wider

temperature range. Depending on how closely two arc spots are

separated, the arc current can be represented by II or ~ as

described in the paper. The arc characteristics are then given by

the heat balance equation, or simply in terms of Im: E%Im-1 and

RI %1 1005.
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Another significant finding of the present paper is the

electrical conductivity profile of an arc. By using a parameter n,

which is the ratio of flnTover Ins, w are able to obtain an

extremely simple formula of ~ in terms of the arc radius r. Since

for most laboratory plasmas particularly for MHD generators where

low temperature plasma is used as the working fluid, the factor n as

a constant is indeed a valid assumption, the simple electric

conductivity profile obtained should be quite useful.
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FIGURE CAPTIONS

Figure 1 Arc Radius vs Current

Figure 2 Field vs Current

Figure 3 Field vs Arc Radius
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